Abstract It has recently been shown that adenosine-5′-triphosphate (ATP) is released together with glutamate from sensory axons in the olfactory bulb, where it stimulates calcium signaling in glial cells, while responses in identified neurons to ATP have not been recorded in the olfactory bulb yet. We used photolysis of caged ATP to elicit a rapid rise in ATP and measured whole-cell current responses in mitral cells, the output neurons of the olfactory bulb, in acute mouse brain slices. Wide-field photolysis of caged ATP evoked an increase in synaptic inputs in mitral cells, indicating an ATP-dependent increase in network activity. The increase in synaptic activity was accompanied by calcium transients in the dendritic tuft of the mitral cell, as measured by confocal calcium imaging. The stimulating effect of ATP on the network activity could be mimicked by photo release of caged adenosine 5′-diphosphate, and was inhibited by the P2Y 1 receptor antagonist MRS 2179. Local photolysis of caged ATP in the glomerulus innervated by the dendritic tuft of the recorded mitral cell elicited currents similar to those evoked by wide-field illumination. The results indicate that activation of P2Y 1 receptors in the glomerulus can stimulate network activity in the olfactory bulb.
Introduction
Adenosine-5′-triphosphate (ATP) not only is an ubiquitous energy currency in all cells, but also an intercellular messenger involved in controlling a variety of physiological processes such as blood pressure, platelet aggregation, and immune responses [1] . In addition, ATP is released as a neurotransmitter in the peripheral and central nervous system [2] [3] [4] . ATP acts on two classes of receptors, referred to as P2X and P2Y receptors. P2X receptors are ligand-gated nonselective cation channels, whereas P2Y receptors belong to the large family of G protein-coupled receptors. P1 receptors, another class of G protein-coupled receptors, are activated by adenosine that results from the enzymatic breakdown of ATP by ectonucleotidases [5] .
P1 receptors as well as P2X and P2Y receptors are widely expressed in the vertebrate brain, where they shape neuronal activity in multiple modes [6] . P2X receptors are involved in fast synaptic transmission, e.g., in the medial habenula, the hippocampus, and the cerebral cortex [7] [8] [9] . P1 and P2Y receptors mediate synaptic plasticity by interaction with ion channels and receptors in many (if not all) brain regions such as the hippocampus, the cerebellum, the striatum and cerebral cortex [10] [11] [12] . In the mouse olfactory bulb, evidence for functional expression of purinoceptors was published only recently (reviewed in [13] ). Axons of olfactory receptor neurons which connect the olfactory epithelium with second order neurons in the olfactory bulb (mitral/ tufted cells) release ATP together with glutamate [14] . ATP activates P2Y 1 receptors of glial cells ensheathing bundles of sensory axons which results in glial calcium signaling [15] . In addition, axons of olfactory receptor neurons release ATP at synaptic terminals where it stimulates calcium signaling in astrocytes via P2Y 1 receptors and, after degradation to adenosine, P1 receptors of the A 2A subtype Timo Fischer and Natalie Rotermund contributed equally to the study.
Electronic supplementary material
The online version of this article (doi:10.1007/s11302-011-9286-z) contains supplementary material, which is available to authorized users. [16] . Calcium signaling in olfactory bulb neurons, however, could not be recorded upon application of ATP in these studies, although histological data imply the expression of P2X receptors in mitral cells, granule cells, periglomerular cells, and sensory axons themselves in the olfactory bulb [17] [18] [19] [20] . This discrepancy could be explained by technical inadequateness of the calcium imaging studies to record purinergic responses in neurons. Firstly, bulk loading of calcium indicators such as Fluo-4 preferentially loads glial cells and interneurons, whereas mitral cells were not loaded and hence were not recorded in the imaging studies [16] . Secondly, the slowly rising ATP concentration during bath application could cause desensitization of P2X receptors at relatively low concentrations and hence before a sufficient number of receptors is activated to elicit a significant calcium increase. To circumvent these problems, we used photolysis of caged purines to evoke a rapid rise in extracellular purine concentration and measured synaptic currents in mitral cells as a monitor of network activity in olfactory bulb slices. Photolysis of caged ATP and caged adenosine 5′-diphosphate (ADP) evoked an increase in glutamatergic and GABAergic synaptic currents via P2Y 1 receptors, indicating that P2Y 1 receptors increase network activity in the olfactory bulb, whereas we did not find evidence for P2X receptor-mediated signaling.
Materials and methods

Slice preparation
Olfactory bulb slices were prepared from postnatal NMRI mice (P3-P13) as described before [21] . Mice were anesthetized with isoflurane and decapitated. Olfactory bulbs were quickly transferred into a chilled calcium-reduced (0.5 mM Ca 2+ ) artificial cerebrospinal fluid (ACSF, see below). 200 μm thick horizontal slices of the bulbs were cut using a vibratome (Leica VT1200S, Bensheim, Germany). Brain slices were stored in ACSF for 30 min at 30°C and 15 min at room temperature before starting experiments. ACSF was continuously gassed with carbogen (95% O 2 /5% CO 2 ; buffered to pH 7.4 with CO 2 / bicarbonate).
Solutions
The standard ACSF for acute brain slices contained (in mM): NaCl 125, KCl 2.5, CaCl 2 2, MgCl 2 1, D-glucose 25, NaHCO 3 26, NaH 2 PO 4 1.25, gassed during the entire experiment with carbogen to adjust the pH to 7.4. In calciumreduced ACSF (0.5 mM), 1.5 mM Caged ATP (adenosine 5′-triphosphate-P3-1-(2-nitrophenyl)ethyl ester; NPE-ATP) was obtained from Merck (Darmstadt, Germany), caged ADP (adenosine 5′-diphosphate-P2-1-(2-nitrophenyl)ethyl ester; NPE-ADP) from MoBiTec (Goettingen, Germany). MRS 2179 (2′-deoxy-N6-methyladenosine 3′,5′-bisphosphate tetrasodium salt) was obtained from Tocris (Bristol, UK). D-2-amino-5-phosphonopentanoic acid (D-AP5), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX), gabazine (2-(3-carboxypropyl)-3-amino-6-(4 methoxyphenyl)pyridazinium bromide), and tetrodotoxin (TTX) were obtained from Ascent Scientific (Weston-Super-Mare, UK). All substances were stored as stock solutions according to the manufacturers' description.
Patch-clamp recordings
Olfactory bulb slices were transferred into a recording chamber (volume~1.5 ml). Slices were continuously superfused with ACSF, if not stated otherwise. Experiments were performed at room temperature.
Pipettes were pulled from glass capillaries (GC150F-10, Harvard Apparatus, Holliston, MA, USA) on a horizontal puller (P-97, Sutter Instruments, Novato, CA, USA). The resistance of the pipettes when filled with pipette solution was 2-3 MΩ. The whole-cell configuration was established and the command potential was set to −70 mV. Synaptic currents were either recorded using an EPC9 amplifier with Pulse software (HEKA, Lambrecht, Germany) or a Multiclamp 700B amplifier with pClamp 10 software (Molecular Devices, Sunnyvale, CA, USA). Currents were digitized at 10 kHz and Bessel filtered at 2 kHz. In current clamp experiments, the current was set to zero, and postsynaptic potentials were recorded.
Application of ATP and ADP was achieved by photolysis of caged ATP and caged ADP, respectively. Therefore, the perfusion system was stopped and the caged compounds were added to the bath with a micropipette. Caged compounds were allowed to diffuse within the bath for 6 min, after which photolysis of caged ATP or caged ADP was performed (the perfusion still stopped). Wide-field photolysis of caged compounds was achieved by opening the shutter of a 50 mW mercury lamp for 3 s. Most experiments were performed using a Leica microscope (DM LFS), experiments in which membrane current and calcium signaling were recorded simultaneously were performed with a Nikon microscope (FN1). Local photolysis of caged ATP was achieved by illumination of a small field of view (approximately 30×30 μm) with a 405-nm laser for 3 s. Drugs were applied with the perfusion system for 5-10 min, after which the perfusion system was stopped and caged ATP or caged ADP were added to the bath (including the drug) using a micropipette. Photolysis was performed after 6 min. Control experiments and experiments using drugs were performed on different cells, because patchclamp recordings often did not persist long enough to perform a control experiment in advance of an experiment with drugs on the same cell. However, control experiments were performed on brain slices from the same animals used for experiments with drugs, and hence the recordings employed as control (n011) were gathered throughout the entire period of the project to verify comparable conditions between individual experiments.
Confocal calcium imaging
For calcium imaging in astrocytes, we incubated brain slices with 2 μM Fluo-4 AM (Invitrogen) in standard ACSF for 20-40 min at room temperature [22] . For calcium imaging in mitral cell dendrites, 50 μM Fluo-8 (AAT Bioquest, Sunnyvale, CA, USA) was included in the pipette solution, and EGTA was omitted. Ten to 15 min after establishing the whole-cell configuration, the Fluo-8-filled dendritic tuft of the mitral cell became visible in the glomerular layer. Calcium-dependent changes in Fluo-4 and Fluo-8 fluorescence, respectively, were recorded using a confocal microscope (eC1, Nikon, Düsseldorf, Germany). Fluo-4 and Fluo-8 were excited at 488 nm, and the fluorescence was collected through a 500-nm longpass filter.
Data analysis and statistics
Patch-clamp recordings were analyzed using Mini Analysis (Synaptosoft, Fort Lee, NJ, USA), ClampFit (Molecular Devices) and OriginPro (Northampton, MA, USA). The increase in synaptic activity was either analyzed as the change in the number of synaptic events per 3 s, or as the integral of the current trace, i.e., the area enclosed by the current trace and the baseline (with the resting current as baseline, Supplementary figure 1). Changes in the cytosolic calcium concentration in astrocytes and in the dendritic tufts were reflected as changes in Fluo-4 and Fluo-8 fluorescence, respectively. The fluorescence was normalized to the resting fluorescence (set to 100%) for comparability. Changes in fluorescence are given as ΔF in % of the resting fluorescence. All values are means±standard error of the mean with n representing the number of analyzed cells. Data from at least three individual animals were used for each data set. We did not observe major differences in the responsiveness towards ATP between individuals. Significances of statistical differences were calculated using Student's t test. Means were defined as statistically different at an error probability p<0.05.
Results
Photolysis of caged ATP induces synaptic activity in mitral cells
Mitral cells were identified by their size and their location in the mitral cell layer (Supplementary figure 2) as well as by visualizing the morphology of the cell filled with Alexa 594 hydrazide via the patch pipette after the experiment (not shown). Whole-cell currents were recorded in mitral cells at a holding potential of −70 mV. The perfusion system was stopped and caged ATP was added to the bath, resulting in a final concentration of 100 μM caged ATP. The shutter of a UV lamp was opened for 3 s to cleave caged ATP and produce free ATP. UV illumination evoked a slow inward current, superimposed by bursts of synaptic events (Fig. 1a) . Three repetitive UV illuminations at an interval of 3 min elicited bursts of synaptic events each time (Fig. 1b) and inward currents of decreasing size as measured by the integral of the current trace (Fig. 1c) . On average, the current trace integral amounted to 2.1±0.3 nA*s at the first photorelease of ATP, and significantly decreased to 1.3±0.2 nA*s at the second, and 0.9±0.1 nA*s at the third photorelease of ATP (n011). The frequency of synaptic events increased by 22.1±1.5 events/3 s upon a first photorelease of ATP, and increased by 25.4±1.4 and 23.5±2.0 events/3 s upon a second and third photorelease of ATP, respectively (n011). Differences in the ATP-evoked increases of the frequency of synaptic events were not statistically significant. We also calculated the averaged amplitude of synaptic events before and during photolysis of caged ATP. The amplitude of synaptic events was 111.7±14.5 pA before and 120.7± 117.8 pA during photorelease of ATP, the difference not being statistically significant (n011; inset in Fig. 1b) . As a control, we illuminated olfactory bulb slices with UV light in the absence of caged ATP, which failed to induce an increase in synaptic events or an inward current (n05; not shown). In current clamp mode, photorelease of ATP was able to induce a depolarisation of 12.9±1.2 mV (n04) and postsynaptic potentials (Fig. 1e) .
P2Y 1 receptors mediate bursts of synaptic activity
To identify the receptors responsible for the increase in synaptic activity upon photorelease of ATP, we used caged ADP instead of caged ATP. ADP is able to activate some of the P2Y receptors, but not P2X receptors. Photorelease (3 s) of ADP resulted in a burst of synaptic events, accompanied by slow inward currents with an integral of 3.2±0.7 nA*s at the first UV illumination, 2.0±0.6 nA*s at the second, and 1.3±0.4 nA*s at the third UV illumination (n07; Fig. 2a, b) . In general, ADP evoked larger currents than ATP, however, the differences in current trace integral evoked by ATP and ADP were not statistically significant.
We also studied the effects of the nonspecific P2 receptor antagonist PPADS (100 μM) and 50 μM of the competitive antagonist MRS 2179, a concentration used to specifically inhibit P2Y 1 receptors in tissue preparations [23, 24] , on ATP-evoked currents in mitral cells. Wash-in of PPADS (n04) and MRS 2179 (n010) did not alter the steady-state frequency of spontaneous synaptic events, suggesting that there is no major tonic activation of P2 purinoceptors (not shown). In the presence of PPADS, the inward current at the first photorelease of ATP was reduced by 72.2% to 0.6± 0.3 nA*s, and by 89.8% to 0.2±0.1 nA*s at the second photorelease of ATP compared to the control (100%; n04; Fig. 2c) . Likewise, MRS 2179 reduced the current by 61.2% to 0.8± 0.3 nA*s and by 81.9% to 0.2±0.1 nA*s, respectively (n010; Fig. 2d ). In the presence of PPADS and MRS 2179, the ATPinduced inward current was significantly smaller as compared to the control (Fig. 2e) , indicating that P2Y 1 receptors mainly mediate the increase in synaptic activity upon ATP photorelease.
In the olfactory bulb, P2Y 1 receptors have been shown to trigger calcium signaling in astrocytes [16] . To test whether P2Y 1 -mediated calcium signaling in astrocytes is causal for the ATP-evoked inward currents in mitral cells, we measured membrane currents in mitral cells and calcium signaling in Fluo-4-loaded astrocytes simultaneously. Photolysis of caged ATP evoked inward currents in mitral cells which were followed by calcium transients in astrocytes. The onset of the current preceded the onset of astrocytic calcium transients by 2.4±0.5 s (n06 mitral cells compared with 30 astrocytes), indicating that the current is unlikely a consequence of astrocyte activation (Fig. 2f, g ).
ATP does not directly stimulate mitral cells
The fast synaptic activity monitored by the mitral cell upon ATP photorelease reflects the firing activity of presynaptic neurons such as external tufted cells, periglomerular interneurons and granule cells, whereas the large inward current upon photorelease of ATP might be due to a direct action of ATP on mitral cells or the summation of a large number of synaptic currents. To separate direct effects of ATP on mitral cells from indirect effects, we suppressed action potential firing with the sodium channel blocker TTX (1-2 μM). In the presence of TTX, photorelease of ATP failed to evoke an increase in synaptic events as well as an inward current in (Fig. 3a) , suggesting that under control conditions both the increase in synaptic activity as well as the slow inward current reflects an increase in firing of presynaptic neurons, but not a direct stimulation of the recorded mitral cell.
To check whether the ATP-induced synaptic activity is glutamatergic or GABAergic, we first blocked GABA A receptors with gabazine (10 μM) to isolate glutamatergic postsynaptic currents (Fig. 3b) . In the presence of gabazine, photorelease of ATP evoked a slow inward current, but no fast postsynaptic currents. The integral of the inward current was reduced by 59.4% to 0.9±0.3 nA*s at the first ATP photorelease and by 56.0% to 0.6±0.2 nA*s at the second ATP photorelease compared to control recordings in the absence of gabazine (n06; Fig. 3d ). In contrast, in the presence of the ionotropic glutamate receptor blockers NBQX (10 μM) and D-AP5 (50 μM), used to isolate GABAergic postsynaptic currents, ATP photorelease failed to elicit a slow inward current, and induced only very few synaptic events (Fig. 3c) .
The integral of the inward current was almost entirely reduced, on average by 90.5% to 0.2±0.1 nA*s and by 88.3% to 0.1±0.03 nA*s (n09), respectively, at the first and second ATP photorelease (Fig. 3c, d) . The results suggest that ATP primarily stimulates glutamatergic neurons which then drive the neuronal network in the olfactory bulb, including GABAergic neurons.
ATP-induced calcium signaling in the dendritic tuft of the mitral cell Dendrites of mitral cells are highly compartmentalized, with a single central dendritic tuft projecting into a glomerulus where it receives glutamatergic input from olfactory sensory axons and tufted cells [25] as well as GABAergic input from interneurons, and several lateral dendrites which receive inhibitory input from GABAergic granule cells. To test the contribution of synaptic signaling in the dendritic tuft to the ATP-evoked responses in mitral cells, we simultaneously recorded calcium signaling in the dendritic tuft and synaptic whole-cell currents (Fig. 4a, b) . Wide-field UV illumination (3 s) resulted in inward currents of 2.4±0.3 nA*s (n09) that were accompanied by an increase in calcium by 71.4±18.9 ΔF (n04). To test whether local photolysis of caged ATP in the glomerulus is sufficient to evoke responses in mitral cells, we illuminated a region of approximately 30×30 μm inside the glomerulus with a 405-nm laser (inset in Fig. 4c ). Laser illumination resulted in an inward current of 1.1± 0.1 nA*s (n06), but induced an increase in calcium in only one out of six experiments (Fig. 4c) . The inward current evoked by local laser photolysis was significantly smaller than the inward current evoked by wide field photolysis (p< 0.05). The results demonstrate that P2Y 1 receptor activation in the glomerulus is sufficient to stimulate network activity, but often is not large enough to elicit measurable calcium signaling in the dendritic tuft under our experimental conditions.
Discussion
In the present paper, we studied the effect of ATP on neuronal network activity in the mouse olfactory bulb as monitored by synaptic events in mitral cells. The results demonstrate an increase in synaptic currents in mitral cells upon ATP photorelease, reflecting an increase in firing frequency in presynaptic neurons. This effect could be mimicked by the P2Y receptor ligand ADP and was largely inhibited by the P2Y 1 receptor antagonist MRS 2179, indicating that the increase in network activity is mainly mediated by P2Y 1 receptors. Hence, this study is the first to show that purinergic signaling affects neurons in the olfactory bulb.
P2 receptors in the olfactory bulb
The expression of different types of P2 receptors suggest a prominent role of purinergic signaling in the mammalian olfactory bulb, emphasized by the high abundance of ectonucleotidases [26] . P2X 2 RNA was detected in olfactory bulb tissue using in situ hybridisation [27] , and mitral cells, tufted cells as well as granule cells were stained with anti-P2X 2 antibodies [18, 20] . P2X 4 RNA and protein was also demonstrated in the olfactory bulb, with particular high expression in mitral cells [19, [28] [29] [30] [31] . In addition, P2X 5 and P2X 6 expression was detected in mitral cells [17, 28] . An effect of ATP on cells in the olfactory bulb has been shown in Xenopus tadpoles, where calcium signaling is mediated by P2X receptors [32] , however, in that study the cell type sensitive to ATP could not be identified. Despite the abundant expression of P2X receptors in the olfactory bulb, we could not record ionic currents attributable to P2X receptor activation in mitral cells. We used photolysis of caged ATP, which results in a rapid rise in extracellular ATP. Hence, P2X receptor desensitization appears not to be a likely explanation for the lack of P2X-mediated currents. The concentration of caged ATP applied to the brain slices was 100 μM and 100 μM of free ATP is sufficient to saturate the current response of heterologously expressed P2X receptors [27] [28] [29] [30] [31] . However, we have no measure of the efficacy of photolysis of caged ATP or the enzymatic cleavage of ATP, and thus cannot estimate the actual concentration of free ATP in the tissue after photolysis. The concentration of free ATP might have been too low for efficient P2X receptor activation, but was sufficient to stimulate P2Y 1 receptors which are about one order of potency more sensitive than some of the P2X receptors [16, 33] . P2Y 1 receptors are widely expressed in the olfactory bulb, including the glomerular layer, external plexiform layer, granule cell layer, and nerve layer [34] . Functional expression has so far only been demonstrated in glial cells of the olfactory bulb. Activation of P2Y 1 receptors in olfactory bulb astrocytes results in calcium transients, whereas vesicular ATP release from olfactory axons in the nerve layer stimulates P2Y 1 receptor-mediated calcium signaling in adjacent ensheathing glial cells and thereby mediates neurovascular coupling [15, 16] . Here, we present evidence that P2Y 1 receptors can also stimulate neurons in the olfactory bulb.
Mechanism of ATP-mediated stimulation of network activity
The present study demonstrates that P2Y 1 receptor activation not only acts on olfactory bulb glial cells, but also affects neuronal performance and elicits inward currents and calcium signaling in mitral cells. Since the effect was blocked in the presence of TTX, P2Y 1 receptors are most likely not activated in the mitral cells themselves, but in presynaptic neurons such as interneurons and tufted cells. The primary target cells of ATP appear to be glutamatergic, since blocking glutamate receptors almost entirely suppressed the P2Y 1 receptormediated enhancement of network activity. External tufted cells are glutamatergic and drive the network activity in glomeruli in the olfactory bulb [21, 25] and therefore are likely candidates for ATP targets. The dendrites of external tufted cells project into a glomerulus and local photolysis of ATP in a single glomerulus was sufficient to stimulate network activity. However, this was not accompanied by dendritic calcium signaling in the majority of the experiments using local photolysis. Since the current response evoked by local photolysis was much smaller than the one induced by wide-field illumination, the increase in neuronal activity probably was not large enough to evoke measurable calcium transients in the mitral cell dendrite. Olfactory bulb astrocytes express P2Y 1 receptors and modulate neuronal excitability as well as synaptic transmission in the olfactory bulb [16, 35] , suggesting the possibility that the increase in neuronal activity upon photorelease of ATP is a consequence of ATP-mediated activation of astrocytes. However, Kozlov et al. [35] described a GABAergic inhibitory effect of astrocytes on mitral cells, in contrast to the glutamatergic excitatory effect shown here. In addition, TTX, which does not affect astrocyte performance, strongly suppressed the P2Y 1 receptor-mediated enhancement of network activity, rendering astrocytes as less likely candidates for the ATP-dependent effect measured in the present study. This is confirmed by the delay of ATP-induced astrocytic calcium signaling with respect to the recorded inward current in mitral cells.
Conclusion
Our study provides first evidence that ATP, recently described as neurotransmitter acting on glial cells in the olfactory bulb, also affects neuronal performance in this brain region. ATP stimulates P2Y 1 receptors and thereby increases neuronal network activity, leading to depolarisation and calcium transients in dendritic tufts of mitral cells.
